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Conmnmnicated by Ralph H. Wetmore, May 31, 1961 It has been previously shown that spontaneous tumors occur at a very low frequency in the gametophytic generation of the fern, Pteridium aquilinum (the Bracken fern) ' and that the frequency of occurrence of such tumors can be increased greatly by the application of ionizing radiations to the dormant spores prior to their germination.2' 3 These tumors have been characterized as to some of their morphological,' cytological,4 ' and physiological6' 1 peculiarities. The present report extends the studies on this tumor system to include now another causal agent, namely ultraviolet irradiation.
Materials and Methods.-For the irradiation, dormant spores were spread into essentially a monolayer on a 33 cm coarse filter paper. The irradiation was administered by placing the paper bearing the spores 50 cm below an ultraviolet germicidal tube (Westinghouse G36T6L Slimline Sterilamp). The ultraviolet energy incident at the level of the spores was approximately 40 ergs/sec/mm2, with approximately 95% of the energy in the range of 2537 A.8 After irradiation the spores were sown quantitatively in the manner previously described7 and were grown aseptically in vitro on our basal medium' for the dose-relationship study, and upon modifications of this medium for the physiological comparison of these tumors with those studied earlier.
Results and Discussion.-It was observed that after dormant spores of P. aquilinum were given a suitable exposure to ultraviolet radiation, upon subsequent germi-nation they would develop numbers of disorganized tumorous growths. These tumors were identical in general appearance to those spontaneously occurring and earlier described," 4, and to those induced by ionizing radiations.2 3 Morphologically, the tumors that arise in response to ultraviolet radiations are also like the earlier ones, ranging between the two recognizable extremes of expression from the completely parenchymatous to that in which the basic structure is essentially filamentous. In each type, however, the general appearance is that of a nodular mass of tissue which increases in size and which retains this growth habit in separate culture through repeated subcultures. Cytological examination showed that in newly isolated tumors all nuclear divisions were apparent haploids whereas after a longer period in culture such tumors showed some tendency toward polyploidy through endomitosis, as did the earlier studied spontaneous and X-ray induced tumors.
After level of radiation. The response in tumor frequency is essentially linear up to 8 minutes' exposure, after which it declines abruptly. Spore viabilities were also determined for each lot by making absolute counts from diluted inocula3 and are plotted in Figure 1 as per cent viability (dashed line). Viability is not significantly affected by doses up to 8 minutes, but at 10 minutes it also declines abruptly. Therefore, the decrease in tumor frequency at 10 minutes' exposure is quite clearly a reflection of the decrease in general viability. Until altered viability becomes a factor, the tumor response is very probably a truly linear one, as is also the case with X-rays in the lower dose range.' Thus, since this is a haploid organism, this type of response seems consistent with our earlier hypothesis that the primary event causal to subsequent tumorization is a mutation, or a group of similar mutations which produce the same morphogenetic effect.
That these mutations may be biochemically definable has been suggested by the observation that the occurrence of potential tumors in X-rayed spores can be suppressed or inhibited by the addition of certain amino acids. Thus, the irradiated potentially tumorous spore seems to behave as a biochemical "deficient," i. e., in the absence. of a certain amino acid the tumorous type of development occurs, but if the "deficiency" is met by the addition of the amino acid, then the development is not tumorous. By this reasoning, therefore, a tumor in this system may be a mutant, one of whose manifestations is detectable as a biochemical "deficiency," but of the type which, if not fulfilled, is not lethal but instead leads to an altered developmental pattern which we recognize as a tumor.
One of the best tested and reproducible agents in the suppression of X-ray-induced tumors in this system is methionine. The addition of a 1 mM concentration of L-methionine to the basal medium will reduce the frequency of tumors to 15% of that observed on the control (basal medium) with no significant effect on total viability. To test the ultraviolet-induced tumors for a similar response, a quantity of spores was exposed to ultraviolet light under our standard conditions for 8 minutes. These were sown on two media, basal and basal + 1 mM L-methionine. The methonine was found to be equally effective in suppressing the ultravioletinduced tumors, the frequency being 13% of that on the controls. Other amino acids or antagonists that have characteristic effects on X-rayed spores are L-lysine, canavanine sulfate, L-hydroxyproline, and DL-allylglycine. All of these, when tested on ultraviolet-irradiated spores, produced their characteristic effects by suppressing tumor frequency to varying degrees. Thus, on the basis of their morphological, cytological, and physiological characteristics, the tumors that arise after ultraviolet exposure appear to be identical to those induced by X-rays.
Ultraviolet-induced phenomena are often reversible by the simultaneous or subsequent administration of visible light (3000-5000 A), i. e. "photorecovery" or "photoreactivation."9 Consequently, this system was tested for such an effect by first irradiating similar lots of spores simultaneously for a 10-minute dose of ultraviolet. Immediately thereafter, while one lot was stored in the dark, the other was placed under an H100A lamp at a distance of one foot with a windowglass filter interposed, for exposures up to one hour. Subsequently, both lots were sown in the usual manner on the basal medium. The first week of germination and growth occurred in a dark cabinet. The remaining five weeks of the culture period were in the customary low-level of illumination.7 Under these conditions no photorecovery effect was noted either in restored viability or in I educed tumor frequency.
The phenomenon of fern gametophyte tumorization is not peculiar to Pteridium, both spontaneous4' 5 and X-ray-induced'0 tumors having been observed in Osmunda However, the phenomenon of ultraviolet-induced tumorization is quite distinctive in Pteridium. Since the ultraviolet output was primarily at 2537 A, near the peak of absorption of nucleic acids, it is tempting to suggest that in this system the primary lesion causal to subsequent tumorization occurs in the nucleic acids as a mutation. Although the somatic mutation hypothesis appears not to fit the data for ultraviolet-induced cancers in animals," it seems a fairly attractive hypothesis in the present case. But this is a much simpler system than most in which comparable phenomena have been studied. Conceivably more than one factor or condition is necessary for a cell to give rise to a tumor. Two conditions that would seem basic would be the capacity for cell division and the failure of morphogenetic influences, both spatial and temporal, upon this division. These could well be separate factors, not necessarily related in origin. However, the capacity for, and initiation of a division would be a necessary condition for the revelation of the other factor, which expresses itself only in the manner of division. If the foregoing be true, then the fern gametophyte system is a particularly suitable one for analyzing specifically the nature of the morphogenetic factors involved in tumorization since the other condition is already satisfied; the tumorigenic agent is administered only to single cells which predictably are going to divide, quite unlike the situation in most experimental tumorigenesis in multicellular organisms. Furthermore, if a mutation underlies the one final factor necessary for the phenomenon of tumorization, the haploidy of these cells would be an added advantage. It would seem that we may possibly be analyzing simply one component of a multiple, at least dual, component phenomenon, unencumbered by the dependence upon the occurrence of a second independent event.
Summary.-Tumors can be induced in gametophytes of Pteridium aquilinum by exposing the dormant spores to ultraviolet radiations prior to germination. The tumor frequency increases linearly with dosage up to the level at which general viability of the spores is significantly affected. These ultraviolet-induced tumors are in every way comparable to spontaneously occurring ones and to those induced by ionizing radiations. In a recent paper' Koenig et al. have investigated the division of a set of r chemical reactions into "coupled" and "coupling" reactions as defined by De Donder, Prigogine, and Defay (cf. ref. 1 for specific references). Reactions are called "coupled" if they give rise to a negative production of entropy (i.e., proceed in a direction opposite to that suggested by their own affinity), the reactions with positive entropy production then being called "coupling" reactions. The above authors verify that without further specification the number of coupled reactions in a given set is arbitrary, in the sense that this number can be given any value from 0 to r -1 by appropriate linear transformations of the chemical reactions. Hence they conclude that the concept of thermodynamic coupling without reference to reaction mechanism should be rejected.
It is the object of the present paper to show how a given set of chemical reactions can always be written as the production or consumption of a suitably chosen set of reacting components. The division into reactions with positive or with negative entropy production is then uniquely determined. 2 In order to avoid any confusion we will not use the terms "coupled" and "coupling" reactions. In thermodynamics of irreversible processes it is generally assumed that each reaction rate is a function of all the affinities. This assumption implies that in general any two chemical reactions are coupled. It is only the sum of the entropy productions of the various reactions that is a positive definite quantity outside equilibrium and in the absence of other scalar irreversible phenomena. In this sense, chemical reactions in isotropic media are not coupled to vectorial phenomena such as diffusion and heat conduction. In view of this state of affairs we will avoid the terms coupled and coupling and, for lack of generally accepted terms, call a chemical reaction positive or negative according to the sign of its entropy production in a given system at a given time.
We consider a closed system of n components Q1, Q2, ... Q, with mole numbers nk among which r independent chemical reactions are possible (2 < r < n). We denote these reactions by the equations where the vji are proportional to the ordinary stoichiometrical coefficients. Conservation of mass in a chemical reaction is then expressed by
